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A B S T R A C T

Phase transformation from hexagonal close-packed (HCP) to face-centered cubic (FCC) does not occur in plastic
deformation of pure magnesium. In this work, a reversible HCP→ FCC phase transformation was observed at
basal/prismatic twin boundary (TB) of {1 0 1̄ 2} twinning mode, in atomistic simulations of TB migration in pure
magnesium. The FCC phase was induced by a local misfit strain between the parent and the twin. When an FCC
phase was formed at the basal/prismatic TB, the TB migration was temporarily hindered. As the strain increased,
the FCC transformed to the HCP twin by atomic shuffling. The orientation relationship between the FCC and the
HCP parent satisfies (1 1 1) ||(1 0 1̄ 0)FCC HCP. During transformation, a double-layered prismatic plane was trans-
formed into a (1 1 1)FCC close-packed plane of the FCC by shear and shuffle. The energy barriers for the reversible
phase transformation was calculated.

1. Introduction

Magnesium (Mg) and its alloys have potential applications in au-
tomotive and aerospace industries due to their low density and high
specific strength. Because of their low-symmetry hexagonal close-
packed (HCP) crystal structures, the plastic deformation mechanisms
are very complicated and not fully understood. Generally, during
plastic deformation, dislocation slip, i.e. basal [1,2], prismatic [2,3]
and pyramidal [4–8] dislocations can be activated, as well as de-
formation twinning which plays an important role in the mechanical
properties of Mg and other HCP metals. The most common twinning
mode in Mg is 〈 〉{1 0 1̄ 2} 1 0 1̄ 1̄ extension twinning and has been reported
extensively in the literature [9–11].

〈 〉{1 0 1̄ 2} 1 0 1̄ 1̄ twinning mode presents many interesting properties
that starkly contrast classical twinning behavior. In classical twinning, a
homogeneous simple shear on the first invariant plane, aka the K1 plane
or twinning plane, is the key element that reorients the parent lattice to
the twin lattice. Such a simple shear is accomplished by twinning dis-
locations which can only glide on the twinning plane [10]. This crys-
tallographic relationship requires that the twin boundary (TB) be co-
herent and the boundary plane coincide with the twinning plane
[12,13]. Extensive experimental observations of twinning in face-cen-
tered-cubic (FCC), body-centered-cubic (BCC) metals and other twin-
ning modes in HCP materials validate the classical twinning theory
except for 〈 〉{1 0 1̄ 2} 1 0 1̄ 1̄ mode. This twinning mode, irrespective of

materials, departs from the classical definition of twinning [14–18].
Partridge [19] first observed that {101̄2} TBs can evolve into extremely
incoherent structures using optical microscopy. Serra et al. [20,21]
found that in atomistic simulations, TBs do not migrate on the {101̄2}
twinning plane, unlike other twinning mode in HCP, and they proposed
that TB migration is controlled by “disconnections” rather than “zonal
twinning dislocations”. However, as pointed out recently by Li and
Zhang [14,22], the major deficiency of the disconnection model is that
lattice correspondence [10] in deformation twinning is neglected.
When lattice correspondence was analyzed [14,23], the twinning me-
chanism in the disconnection model was found exactly the same as the
Li-Ma shuffling model [24] in which the twinning process is achieved
via “parent basal to twin prismatic” and “parent prismatic to twin
basal” lattice transformation solely mediated by atomic shuffling.

Recently, another anomalous behavior in {1 0 1̄ 2} twinning was re-
ported, which showed that an FCC phase appeared at TBs [25–27]. In
atomistic simulations of deformation of Mg and Ti, Zhang et al. [25]
and Ren et al. [26] showed that a wedge-shaped FCC phase nucleates at
a {1 0 1̄ 2} TB and separates the twin from the parent. However, no de-
tailed analysis was provided in these works. More recently, Hirth et al.
[27] reported that atomic layers of FCC structure were produced at a
{1 0 1̄ 2} TB and eventually sandwiched by the parent and {1 0 1̄ 2} twin.
They proposed that the FCC phase was generated by “disconnections
pairs” possibly due to the low free energy difference between the HCP
and FCC. Several questions arise: why the FCC phase can only be
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formed at {1 0 1̄ 2} TBs but not in other twinning modes? What is the
formation mechanism of an FCC phase at {1 0 1̄ 2} TBs?

The purpose of this work is to investigate and resolve the formation
mechanism of an FCC phase at basal/prismatic {1 0 1̄ 2} TBs, by using
atomistic simulations. The results obtained further elucidate the non-
classical nature of 〈 〉{1 0 1̄ 2} 1 0 1̄ 1̄ twinning mode which is the most
important mode in HCP metals.

2. Simulation method

The molecular dynamic (MD) simulations were performed using the
Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS).
The embedded atom method (EAM) potential [28,29] for Mg-Al binary
system was used in this work. This EAM potential was well developed
by Liu et al. [30] and has been widely used in numerous atomistic si-
mulations of deformation mechanisms in Mg [31,4,25,32]. Simulations
of tension and compression were performed. The simulation systems
were fully relaxed before an external strain was applied. Details of the
systemic configurations in the simulations are presented below. The
strain was generated by moving atoms on one of the end surfaces at a
constant displacement rate of 0.01 nm per ps. Free surfaces were ap-
plied to all three dimensions. The data of all simulations was collected
every 0.5 ps. The visualization tool Ovito [33] was used to analyze the
simulation results. Common neighbor analysis (CNA) [34] was used to
distinguish different crystal structures and lattice defects.

To examine the energy difference between the HCP and FCC phases,
quantum mechanics calculations based on the density-functional theory
(DFT) was performed. The Vienna Ab-initio Simulation Package (VASP)
[35–37] was used for our calculations. The Projector Augmented Wave
(PAW) [38,39] and the Generalized Gradient Approximation of Perdew-
Burke-Ernzerhof (GGA-PBE) [40] were applied. A Monkhorst-pack
13×13×13 mesh was used. The total energy cutoff value of 600 eV
was chosen, and the electronic self-consistent field was set at 10−6 eV/
Å in our simulation.

3. Results

3.1. HCP→ FCC→HCP transformations under tension and compression

The initial configuration for simulating the migration of a {1 0 1̄ 2}
twin boundary (TB) when a compressive load was applied perpendi-
cular to the c-axis of the parent is shown in Fig. 1, which presents a 2D
cross-sectional view. The dimension of the simulation system is
18×25×18 nm3, containing 350,479 atoms. The stain rate is
5.5× 1010/s. The two crystals have a misorientation of 90° 〈 〉1 2̄ 1 0 , i.e.
the initial TB is a basal/prismatic (B/P) interface which is denoted by
yellow dashed line. The left crystal is the twin, and the right crystal is
the parent. The compressive strain was applied along the [1 0 1̄ 0] of the

parent. This loading condition favors {1 0 1̄ 2} extension twinning.
Fig. 2 shows the stress evolution of the simulation system during

compression. The red dots correspond to the snapshots of the atomic
structure displayed in Fig. 3 which shows the migration of the TB in
time sequence. Initially, the system was elastically deformed, and the
stress increases almost linearly. A sudden drop in stress occurs and this
corresponds to the beginning of TB migration. The stress increases
again followed by another drop. This serrated nature in the stress
evolution is closely related to the structural change on the TB (see
below).

In the CNA analysis, the HCP and FCC structure are colored in red
and green, respectively, whereas other atoms on the free surfaces or the
TB are colored in white and blue. After the compressive strain was
increased to a critical value, the initial B/P TB started migrating toward
the parent. It can be seen that the TB bulges out toward the parent and
overall the TB becomes very incoherent, which is composed of in-
coherent B/P interfaces (Fig. 3a). As soon as the TB migrates, the stress
decreases (see Fig. 2). The incoherent nature of the TB is consistent with
experimental observations reported in the literature [14,18]. As the
strain increases, the whole TB migrates and mostly evolves into B/P
interfaces (Fig. 3b). Interestingly, a layer of green atoms emerge along
the B/P segment, indicating the nucleation of an FCC phase on the TB.
The green zone grows thicker as more layers of green atoms appear on
the TB (Fig. 3c). As the new phase is forming on the B/P TB, the TB
migration slows down. Eventually, the new phase grows and reaches
the top surface. Meanwhile, another FCC phase appears near the bottom
surface (Fig. 3d). The FCC phases create two wedge-shaped zones along
the TB, and the TB migration comes to a halt. This corresponds to an
increase in the stress to resume the TB migration (Fig. 2). As the strain
builds up, the TB migrates again, initiating at the tips of the two wedge-
shaped FCC phases (Fig. 3e). The FCC phases gradually disappear by
transforming to the twin as the TB bulges toward the parent (Fig. 3f).
Eventually the FCC phases are totally transformed to the twin (Fig. 3g).
As the TB is migrating and the FCC phases are transforming to the twin,
a relaxation occurs to the system and this corresponds to the second
stress drop in Fig. 2. At the end of the second relaxation, new FCC
phases form again on the B/P interface and the TB migration pauses
again (Fig. 3f).

To quantitatively evaluate the energy barrier for the
→ →HCP FCC HCPparent twin phase transformation on the TB, we com-

puted the potential energy of three layers of the FCC structure which
contains 263 atoms and plotted the evolution of the energy during
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Fig. 1. Initial configuration for simulating twin boundary (TB) migration in
magnesium under compressive loading in perpendicular to the c-axis of the
parent. The two crystals have a misorientation of 90° 〈 〉1 2̄ 1 0 . A compressive
strain was applied along the [1 0 1̄ 0] direction of the parent.

Fig. 2. Evolution of the compressive stress of the simulation system during
deformation. The stress increases as the deformation proceeds. When the TB
starts migrating, the stress drops rapidly. When the migration of the TB is
paused, the stress increases again, until the stress is high enough to resume the
migration of TB, then the stress drops again. When the migration of the TB is
paused again, the stress increases again correspondingly. The red dots corre-
spond to the snapshots displayed in Fig. 3.
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deformation. The result is shown in Fig. 4a. Under the external strain,
the energy gradually increases due to the elastic stretching in atomic
bonds. As the deformation further proceeds, at∼77 ps, a sharp increase
in the potential energy occurs, and this corresponds to the nucleation of
the FCC structure at the TB. After the selected atoms are completely
transformed into the FCC structure, the energy plummets. Thus, the
energy barrier of the transformation from the HCP parent to the FCC
structure is ∼21meV/atom. As the deformation continues, the FCC
structure stays stable at the energy level of about −1.495 eV/atom
from 100 ps to 210 ps. As the external strain builds up, the TB starts
migrating again by transforming the FCC phase to the HCP twin. An
energy peak appears at ∼212 ps, corresponding to the transformation
from the FCC to the HCP twin. Thus, the energy barrier of this reverse
transformation is about 8.5 eV/atom.

Similarly, we can evaluate the energy barrier of twin growth by

plotting the energy evolution of the selected box which contains 168
atoms (see Fig. 3a). The result is shown in Fig. 4b. It can be seen that
when the TB passes the box, the energy is increased sharply. After this
region is totally twinned, the energy plummets. Thus, the energy barrier
for the twin growth is about 11.9 eV/atom, which is a reasonable value
compared to the energy barrier for homogeneous {1 0 1̄ 2} twin nuclea-
tion (∼27meV/atom) for Mg [41]. For clarity, in these energy plots,
local structures are also provided at different energy states.

To determine the orientation relationship (OR) between the FCC
structure and HCP lattice, the boxed region in Fig. 3h was selected and
analyzed in Fig. 5. The unit cells of the parent, twin and FCC structure
are indicated by dashed rectangles. The basal plane of the HCP and the
{1 1 1} plane of the FCC are marked out. The OR can be determined as

∥ ∥(0 0 0 2) (1 1 1) (1 0 1̄ 0)T FCC P. For HCP→ FCC transformation in HCP
metals, two types of orientation relationships were reported in the
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Fig. 3. Migration of twin boundary (TB) in time se-
quence. (a) When the compressive strain reaches a
critical value, the TB starts migrating. The boxed
region was selected for computing the energy evo-
lution. Note the TB remains very incoherent. (b) An
FCC structure (atoms in green) appears at the TB. (c)
The FCC phase grows. (d) The FCC phase grows along
the TB and intersects with free surfaces. As a result,
the TB migration is paused. (e) As the strain builds
up, the TB resumes migrating, as the FCC phase is
receding. (f) The TB further bulges toward the parent
as the FCC phase is disappearing. (g) The TB migra-
tion consumes the FCC phase. (h) New FCC phase
forms again and the TB migration is paused again.
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literature: {0 0 0 2}P ||{1 1 1}FCC , [1 1 2̄ 0] ||[1 1 0]P FCC [42–44], and
{1 0 1̄ 0} ||{1 1̄ 0}P FCC, [0 0 0 1] ||[0 0 1]P FCC [26,45–48]. Thus, the OR in this
work, i.e. (1 1 1) ||(1 0 1̄ 0)FCC P, is different from the previously reported
ORs. Additionally, a large misfit (∼0.54 nm) in the vertical direction
between the parent and twin can be observed. It can also be seen that a
shear deformation occurred in the FCC phase, and the shear displace-
ment over 5 layers of the close-packed planes is ∼0.50 nm, thus the
shear displacement on each plane is ∼0.10 nm.

The HCP→ FCC transformation occurred during compression per-
pendicular to the c-axis of the parent. To investigate if similar phe-
nomenon also occurs under tension along the c-axis of the parent, we
performed simulation by reversing the compressive load to a tensile
load. The dimension of this simulation system is 20× 40×30 nm3,
containing 1,035,000 atoms. The stain rate is 5.0× 1010/s. The results
are shown in Fig. 6. Indeed, during TB migration, an FCC phase appears
along the B/P TB (enclosed in the dashed box near the top surface).
Meanwhile, several partial stacking faults (SFs) are formed inside the
twin, with one end attached to the migrating TB. In the CNA, SFs cre-
ated by partial dislocations should appear to be two layer of green
atoms. In contrast, the SFs in Fig. 6a appear to be one layer of green
atoms and they are partial SFs first defined by Song and Gray [15,16].

Fig. 6b shows a magnified view of the boxed region in Fig. 6a. It can
be seen that the structure of the FCC phase and the OR between the HCP
parent, FCC and HCP twin are very similar to that in compression. The
OR satisfies ∥ ∥(0 0 0 2) (1 1 1) (1 0 1̄ 0)P FCC T . The difference is that in ten-
sion, the FCC structure is transformed from the twin, which is also
accomplished by the transformation of a double layered prismatic plane
of the twin to a single layered (1 1 1)FCC plane of the FCC, if compared to
Fig. 5. A shear is also involved as it can be seen on the top surface.
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E2=8.5 meV/atom

E1=21 

meV/atom 
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Fig. 4. (a) Energy evolution during phase transformation at the twin boundary
(TB). The energy barrier for transformation from hcp to fcc is ∼21meV/atom,
and the energy barrier for the reverse transformation is ∼8.5 meV/atom. (b)
The energy barrier for twin growth is ∼11.9meV/atom.
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Fig. 5. To determine the orientation relationship between fcc lattice and hcp
lattice, the boxed region in Fig. 3h was selected and analyzed. The unit cells of
the parent, twin and fcc structure are indicated by dashed lines. The orientation
relationship can be described as ∥ ∥(0 0 0 2) (1 1 1) (1 0 1̄ 0)T FCC P. The shear dis-
placement for 5 layers of (1 1 1) plane is 0.50 nm. Thus, the magnitude of the
shear on each layer is 0.10 nm, and this corresponds to half a Burgers vector of a
Shockley partial.
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Fig. 6. (a) An FCC phase also forms when a tensile load is applied along c-axis
of the parent. (b) The boxed region in (a) is magnified. The orientation re-
lationship between the FCC, parent and twin is ∥ ∥(0 0 0 2) (1 1 1) (1 0 1̄ 0)P FCC T .
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3.2. HCP→ FCC transformation with a high resolved shear stress on B/P

TB

In the simulations of tension along the c-axis and compression
perpendicular to the c-axis of the parent crystal, {1 0 1̄ 2} twinning is
strongly favored. In both cases, an FCC phase appears on the B/P TB
during TB migration. To further understand how FCC phase is formed
during twinning, we investigated a special configuration in which
{1 0 1̄ 2} twinning is not favored; instead, the basal/prismatic interface,
i.e. an incoherent {1 0 1̄ 2} TB, is oriented such that the TB has a max-
imum Schmid factor. In this configuration, a maximum shear compo-
nent is acting along the B/P TB. The initial configuration is shown in
Fig. 7. The dimension of this simulation system is 20×32×20 nm3,
containing 523,568 atoms. The stain rate is 5.0× 1010/s. Two crystals
are bonded together and have a misorientation of 90° with a zone axis
of [1 2̄ 1 0]. The basal planes of the left crystal (twin) are colored in red
and blue and the basal planes of the right crystal (parent) are colored in
white and yellow alternately to show the …ABABAB… HCP stacking
sequence in the two twin crystals. A tensile load was applied along the
horizontal direction, which makes 45° with basal planes of both crys-
tals, and nearly parallel to the {1 0 1̄ 2} plane or perpendicular to the
{1̄012} plane. Atoms inside the red box were selected for computing the
energy barrier of the transformation from HCP to FCC.

Fig. 8 shows the evolution of the stress of the simulation box under
the tensile loading. As the deformation proceeds, the stress increases. At
∼80 ps, an FCC structure starts nucleating on the B/P TB. As the HCP
transforms to the FCC, the stress continues to increase. At ∼280 ps,
dislocation slip is activated, causing the stress to decrease. The four red
dots correspond to the snapshots displayed in Fig. 9 which shows the
evolution of the FCC phase in time sequence.

Fig. 9a shows the relaxed structure of the initial TB at ∼40 ps,
which is a B/P type interface and makes 45° with the loading direction.
No FCC phase is nucleated yet. Around ∼125 ps, a four layer FCC
structure is nucleated at the lower portion of the TB (Fig. 9b). The HCP
and FCC structure are colored in red and green, respectively. As the
strain further increases, the FCC structure grows layer by layer toward
the parent. At 285 ps (Fig. 9c), the FCC phase has become rather thick.
Compared to the FCC phase in compression (Fig. 5) and tension (Fig. 6),
the thickness of the FCC with a high shear component is much larger. At
this time, a {1 0 1̄ 1} partial dislocation emerges, which corresponds to
the decrease of stress in Fig. 8. At 800 ps (Fig. 9d), the FCC phase
continues to thicken and the volume fraction of the FCC structure
reaches up to ∼14%. It can be seen that the transformation of HCP→

FCC contributes the most to the overall plastic strain, because only a
very limited number of dislocations are activated.

To better resolve the mechanism of the HCP→ FCC transformation,
the boxed region in Fig. 9d was magnified and analyzed in Fig. 10. First,
we applied the CNA to the system (Fig. 10a). The FCC and HCP phase
can be well distinguished and identified. It can be readily seen that the
OR is ∥ ∥(0 0 0 2) (1 1 1) (1 0 1̄ 0)T FCC P. For comparison, Fig. 10b shows the
analysis on the same region without CNA. It can be found that the FCC
structure grows at the expense of the HCP parent lattice. Also, it is
obvious that the shear in the phase transformation generates a tensile
strain along the c-axis of the parent. The lattice transformation is
achieved by →(1 0 1̄ 0) (1 1 1)P FCC, consistent with the analysis in Figs. 5
and 6.

The energy evolution for the atoms contained in the selected box in
Fig. 7 was computed and plotted in Fig. 11. The box contains 524
atoms. As the deformation continues, the energy gradually increases
due to the elastic deformation. At 100 ps, a sharp increase in energy
occurs, corresponding to the nucleation of the FCC structure at B/P TB.
After the HCP structure of the selected box is completely transformed to
the FCC, the energy drops. Thus, the energy barrier of the transfor-
mation from the HCP parent lattice to the FCC is ∼20meV/atom,
which is close to the energy barrier calculated in Fig. 4a.

4. Analysis and discussion

4.1. Formation of FCC at B/P TB as related to non-classical twinning

behavior

The results in Figs. 3–6 show that irrespective of tension or com-
pression in the simulations, an FCC phase can be formed along the B/P
TB. This phenomenon is another manifestation of the non-classical
twinning behavior of 〈 〉{1 0 1̄ 2} 1 0 1̄ 1̄ mode in HCP metals that cannot be
accounted for by the classical theory or shear-dominated twinning
theories. For twinning in FCC and BCC materials, TBs always coincide
with the twinning plane as required by the invariant plane strain con-
dition. For FCC, the twinning plane, i.e. the first invariant plane is the
close-packed {1 1 1} and the twinning Burgers vector is 〈 〉1 2̄ 1

1

6
; for

BCC, the twinning plane is {1 1 2} and the twinning Burgers vector is
〈 〉1 1 1̄

1

6
. In these high symmetry crystal structures, glide of well-defined

twinning dislocation lines or loops on the TBs grows the twin in both
the thickness and the lateral directions. For other twinning modes in
HCP materials, i.e. 〈 〉{1 0 1̄ 1} 1 0 1̄ 2̄ , 〈 〉{1 1 2̄ 2} 1 1 2̄ 3̄ , 〈 〉{1 1 2̄ 1} 1 1 2̄ 6̄ [10],
TBs mostly coincide with the twinning planes, although details of the
twinning dislocations (usually zonal dislocations) are still incomplete
and more research is needed. Deviations between actual TBs and the

Twin

Parent

Fig. 7. The initial configuration for simulating the phase transformation at a
twin boundary (TB) when the TB is oriented about 45° with the loading di-
rection. Two crystals were bonded together and had a misorientation of 90°
with a zone axis of [1 2̄ 1 0]. The basal planes of the two crystals were colored
alternately to show the …ABABAB… stacking sequence. A tensile strain was
applied along the horizontal direction, i.e. making 45° with basal planes of the
parent and twin. Atoms inside the red box were selected for computing the
energy barrier of transformation from HCP to FCC structure.

Dislocation nucleation 

FCC nucleation 

a

b

c
d

Fig. 8. Evolution of the tensile stress of the simulation system during de-
formation. The FCC phase nucleates at∼80 ps. As the HCP parent transforms to
the FCC, the stress increases. After the dislocation nucleates at ∼280 ps, the
stress drops. The snapshots corresponding to the four red dots are displayed in
Fig. 9.
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twinning planes can sometimes be observed due to accommodation
effects, twin-slip interactions and twin-twin interactions, but such de-
viations are usually small. On the atomic scale, the TBs still largely
coincide with the twinning plane. These twinning modes can be well
described inside the framework of the classical twinning theory: (1) a
homogeneous simple shear can be definitively defined on the twinning
plane which is the first invariant plane in the sense that the structure of
the twinning plane remains undistorted. Because of this invariant plane
strain (IPS) condition, the TB and the twinning plane must coincide; (2)
the homogeneous simple shear is accomplished by twinning disloca-
tions for FCC and BCC metals and by zonal twinning dislocations for

HCP metals [31,49]. In classical twinning behavior, it is unlikely for a
new phase that has a different crystal structure from that of the twin
crystals to be formed on the TB because the presence of such a phase
transformation would disrupt the simple shear on the TB.

In stark contrast to other twinning modes mentioned above,
〈 〉{1 0 1̄ 2} 1 0 1̄ 1̄ twinning mode completely departs from the classical

twinning behavior. It has been extensively observed in experimental
observations that actual {1 0 1̄ 2} TBs can be extremely incoherent
[14,18]; no unique value of misorientation angle exists [18,23]; mi-
grating TBs almost do not interact with precipitates but entirely engulf
precipitates [32,50]; the Schmid law oftentimes is not followed [51,52];
twin-slip interaction almost has no contribution to work hardening
[8,53]; when different twin variants impinge and interact, very ab-
normal interfaces can be formed [54]. The presence of an FCC phase on
TBs further corroborates that this particular twinning mode completely
deviates from classical twinning. That is, {1 0 1̄ 2} twinning mode cannot
be mediated by twinning dislocations or other types of defects related to
shearing vectors, it can only be mediated by atomic shuffling. As shown
in Figs. 3 and 6, when the TBs are migrating, the boundary plane does
not align with any specifically defined crystallographic plane. It should
be noted that this important feature is not only observed in our simu-
lations, but also observed extensively by other researchers [55,56].
Despite that “disconnections” and “disclinations” have been defined for
such incoherent TBs, as pointed out in recent works [20,55,56], the
actual twinning mechanism in those reports of “disconnections” and
“disclinations” is exactly the same as the Li-Ma shuffling model [24] in

(a) (b)

(c) (d)

TB ParentTwin

FCC

FCC

40 ps 125 ps

285 ps 800 ps

TwinParentTwin

Parent
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Twin

Fig. 9. Transformation from HCP to FCC in time se-
quence. (a) The relaxed twin boundary (TB). (b) An
FCC phase is nucleated at the TB. (c) The FCC phase
grows into the parent by transforming the parent
HCP lattice (in red) into FCC (in green). (d) The FCC
phase expands as the strain increases. The boxed re-
gion is analyzed in Fig. 10.

(b)
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Fig. 10. Analysis of the boxed region in Fig. 9d. (a) Common neighbor analysis
(CNA) of orientation relationship (OR) between the parent, FCC and twin. The
OR satisfies ∥ ∥(0 0 0 2) (1 1 1) (1 0 1̄ 0)T FCC P. (b) Without CNA, it can be seen that
the FCC phase is transformed from the parent such that the (1 1 1)FCC plane is
transformed from the (1 0 1̄ 0)P of the parent. The red arrow denotes the shear on
consecutive (1 1 1) planes. Shear and shuffles are needed in this transformation.

E=20 meV/atom

Fig. 11. Evolution of energy during transformation from HCP to FCC. The en-
ergy barrier for the phase transformation is about 20meV/atom.
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which a parent basal plane is transformed to a twin prismatic plane, and
a parent prismatic plane is transformed to a twin basal plane. This
lattice transformation must distort the {1 0 1̄ 2} twinning plane and thus
no twinning shear can occur on the twinning plane [14,23]. The
breakdown of the invariant plane strain condition and the absence of a
homogeneous simple shear render this twinning mode unique from
other twinning modes. Therefore, the formation of an FCC phase at TBs
is permissible because there is no twinning shear and no twinning
dislocations at TBs which are very incoherent.

4.2. HCP→ FCC transformation driven by misfit strain

It can be easily seen that, during compression perpendicular to the
c-axis of the parent (Fig. 3) and tension along the c-axis of the parent
(Fig. 6), the actual effect of the deformation processes is not a shearing
which is typical in dislocation dominated plastic deformation but a
stretching. In the case of compression (Fig. 3), the atoms of the basal
planes of the parent become the atoms of the prismatic planes of the
twin, and this can be seen from the white atoms on the surfaces of the
twin crystals. As the atoms of the parent are being moved to the twin
positions by shuffling, a misfit strain is produced between the parent
and the twin. The misfit strain is manifested by the two bulges on the
surfaces of the twin. In the meantime, a contraction is produced along
the compression direction. Thus, two strain components are generated
by the 〈 〉{1 0 1̄ 2} 1 0 1̄ 1̄ twinning mode: an extension along the c-axis of
the parent and a contraction perpendicular to the c-axis of the parent. In
the case of tension (Fig. 6), a similar behavior can be seen. This im-
portant feature is totally different from shear-dominated twinning
modes in FCC, BCC and HCP metals in which the overall strain pro-
duced by twinning is generated by the shear displacement component
along the Burgers vector of the twinning dislocations which must lie in
the twinning plane.

It can be calculated [22] that, when the parent crystal is reoriented
by 90° around the 〈 〉1 2̄ 1 0 zone axis during {1 0 1̄ 2} twinning, a global

strain would be generated, this strain is calculated as =
−

ε
λ

λ

3 for

extension along the c-axis, and =
−

ε
λ 3

3
for the contraction perpen-

dicular to the c-axis (λ is the c/a ratio,∼1.624 for Mg). The HCP→ FCC
transformation on the TB can effectively accommodate the misfit strain
between the parent and the twin. Without the FCC phase, the misfit
strain will cause large lattice distortion in the regions close to the free
surfaces (Fig. 3b and c). When the FCC phase is formed, the distorted
lattice is replaced by the non-distorted FCC lattice (Fig. 3d). However,
the consequence of this phase transformation is that the FCC phase
hinders the TB migration, and thus a higher stress is needed for twin
growth. If the misorientation angle slightly deviates from 90°, say 86.3°
which is the theoretical value of the misorientation angle, these two
strain components still exist, but vary only by a few percent.

As shown in Figs. 5, 6 and 10, the transformation from HCP to FCC
is accomplished by the transformation of a double-layered prismatic
plane in HCP to a closed packed (1 1 1)FCC plane. It is noted that basal
stacking faults created by Shockley partial dislocations can also produce
an FCC structure, but this is not the case in our simulations. As analyzed
in Fig. 5, the amount of the shear displacement along the [0 0 0 2] di-
rection of HCP parent is ∼0.10 nm on every green close-packed plane
of FCC. This magnitude is about half of the Burgers vector of a Shockley
partial. Also, formation of an FCC by basal stacking faults does not
involve atomic shuffles. However, the double-layered prismatic plane
cannot be transformed to a single layered (1 1 1)FCC plane solely by
shear. Thus, atomic shuffling must be involved to carry the atoms to the
correct positions in FCC. The displacement caused by shuffling is
∼ a

3

6
, which is equal to the spacing between the double layers of a

{1 0 1̄ 0} prismatic plane. Also, there must be lattice distortion that needs
to be adjusted so that a correct interplanar spacing of the (1 1 1̄) FCC

planes is reached. Hence, the FCC structure can be transformed from
HCP by two simultaneous processes, i.e. shear and shuffle. It is also

worth noting that the transformation from HCP to FCC at the TB is
reversible. As shown in Fig. 3e-3 g, when the migration of TB restarts,
the FCC structure transforms to the HCP twin. As shown in Fig. 4a, the
energy barrier for the transformation from FCC to HCP is pretty low
(∼8.5meV/atom), which is less than half of that for transformation
from HCP to FCC and even lower than the energy barrier for twin
growth. From the simulations (Fig. 3), the reverse transformation only
involves atomic shuffles and this is likely the reason why the energy
barrier for the reverse transformation is very low.

In simulation of deformation twinning of Ti, it was reported that an
FCC phase can form at a twin boundary due to the gliding of basal
partial dislocation [26], and the basal partial dislocation was char-
acterized with a double-layered structure [25,57]. In our work, the FCC
structure is transformed from the parent and grows layer by layer
(Fig. 3b–d), indicating that the FCC structure is not generated by
Shockley partials on the basal plane of the twin. Thus, the mechanism
of the transformation observed in our simulation is different.

There have been reports of phase transformations activated during
plastic deformation in which strain localization occurs. The phase
transformations can serve as additional deformation modes to accom-
modate local strain and prevent material failure [58]. In deformation of
biomedical Co–Cr–Mo alloy [59], transformation of γ-FCC phase to ε-
HCP phase was observed near the annealing twin boundaries, which
was attributed to the incompatibility of plastic strain across the TBs.
Recently, Wang et al. [60] reported a deformation induced structural
transition in body-centered cubic molybdenum, which is caused by the
local strain concentration. It was also found that this type of phase
transformation only occurs when the conventional deformation me-
chanisms, e.g., twinning, dislocation slip and grain boundary sliding,
are suppressed. However, it should be noted that the transformation
from HCP to FCC at B/P interfaces has not been reported in Mg and Mg
alloys in experimental observations.

To exclude the possibility that the HCP→ FCC transformation on
the B/P TB was driven by the energy difference between the FCC and
HCP, we calculated the lattice energy of the two phases with MD and
DFT. Ideally, free energies of the two phases should be calculated and a
method was provided by Freitas et al. [61]. This method has been ap-
plied in calculating the free energies of interfaces and crystalline
structures [62,63]. For pure Mg, it is well known that the equilibrium
phase at ambient pressure and temperature is HCP and FCC Mg is non-
equilibrium. Fig. 12 shows the calculated energies of HCP and FCC Mg
as a function of lattice parameter. In Fig. 12a, the EAM potential [30]
was used for MD calculation. It can be observed that the HCP has a
lower energy (−1.510 eV/atom) than the FCC (−1.495 eV/atom) at
the lattice parameter corresponding to the energy minimum. Thus, the
energy of HCP is 15meV/atom lower than that of the FCC. As a com-
parison, the results from DFT calculation were plotted in Fig. 12b. It can
be seen that the energy difference between HCP and FCC is 12meV/
atom, which is very close to the MD result. These calculated energies
are consistent with the values reported by Althoff et al. [64] who
showed that the energy of HCP is 11meV/atom lower than that of FCC.
These calculations indicate that the HCP→ FCC→HCP phase trans-
formations are driven by the misfit strain energy. We expect that such a
phase transformation can be observed by using in-situ TEM observation
of deformation twinning in a single crystal. Without a doubt, further
study is needed to validate the simulation results. One of the interesting
features revealed in the simulations is that formation of an FCC phase at
B/P interfaces impedes the TB migration and a higher stress is needed
for continued migration. It has been shown that, {1 0 1̄ 2} extension
twinning dominates the low stress stage deformation in textured Mg
and Mg alloys [9,11]. Thus, if the FCC phase can be promoted at B/P
interfaces during deformation, the strength of Mg alloys can be im-
proved. Additionally, due to the superior ductility of FCC structures, the
mechanical properties of Mg and other HCP metals could possibly be
improved.
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5. Conclusions

HCP→ FCC→HCP phase transformations were observed at {1 0 1̄ 2}
TBs in the atomistic simulations of TB migration in pure Mg. The fol-
lowing conclusions can be reached.

1. The transformation of FCC structure is a result of local misfit strain
produced by the lattice transformation from the parent to the twin.
The misfit strain between the parent and the twin generates lattice
distortion in the region near the B/P TB. As a result, HCP→ FCC
transformation occurs to compensate the lattice distortion. The
HCP→ FCC transformation impedes TB migration.

2. The HCP→ FCC transformation is accomplished by a combination of
shear and shuffle, transforming a double-layered prismatic plane of
the parent to a single-layered (1 1 1) plane of the FCC phase. The
corresponding orientation relationship is a new type, i.e.,
(1 1 1) ||{1 0 1̄ 0}FCC HCP.

3. The FCC phase at the B/P TB transforms to the HCP twin as the
strain increases, and this reverse transformation may only involve
atomic shuffles.

4. The energy barrier of the transformation from HCP parent lattice to
FCC structure is ∼21meV/atom, while the energy barrier for twin
growth is about ∼11.9 meV/atom. The energy barrier for the re-
verse transformation from FCC to HCP twin is ∼8.5meV/atom.
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